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SUMMARY

Those parte of the present NASA-Lewls research
and technology effort on solar cells and arrays having
relevance to terrestriel uses are outlined. These in-
clude ralsing cell efficiency, developing the FEP-cove-
ered module concept, and exploring low cost <ell con-
cepte. Bolar cell-battery power systems for remote
weather stations have been bullt to demongtrate the
capabilitieg of golar celle for terrestrial applica-
tions.

INTRODUCTICR

The NASA-Lewls Research Center has been conduct-
ing = program on solar cells and errays for a mmber
of yeers. In 1971 the progrem was focussed on reduc-
ing the cost of silicon sclar cells and arrays for
space misglons. The main thrust was to reduce coasts
by Ilmproved technology. However, it was also recogniz-
ed that major cost reductions by mechanization and
automation were not possible without anm expansion of
the solar cell market. The gpece market was not grow-
ing and the terrestrial uses of solar cells languished
because of their high cost. The market would not grow
without a reduction in cost and cost reductions were
deterred by the emall production volume. Therefore,
Lewis 1initiated & program on near-term terrestrisl ap-
plications to encourage and gtimulate a new, expandinbg
market. About the same time interest began to grow on
the potentlal of sclar celle to supplement our energy
resources later in this century. This new interest re-
inforceed ocur motivatlion to reduce cell and array costs
snd enlarge thelr use as quickly as possible.

Both our space goals and our terrestrial goals re=-
quire reduction in solaer array cost. Although the ul-
timate cost reductions for the two are vastly dlfferent
{a factor of two or three for space and two or three
orders of magnitude for terrestriml) the appropriate
efforts for the near future include raising cell effi-
clency, reducing cell and array fabrication costs, and
gtimiation of a new, near-term market for solar arraye.

The purpose of this talk is to outline those parts
of the Lewls Research Center research and technology
program that apply to terrestrial uses ag well as space
and to descrive what we have done recently on nemr-term
terrestrial applicatione.

RESEARCH AND TECHNOLOGY QN
SILTICON SOLAR CELLS AND ARRAYS

Cur research effort seeks to ralse the efficiency
of sillcon solar cells to the practical limit of 18%
in space or 21% on Earth, The presemt efforts are
ligted in Table T and include identifying and under-
gtending the loss mechanisms in low resistivity sili-
con, egpecially those contributing to high leakage cur-
rents, and constructing an analytlcal model for the
solar cell that includes all loss mechanisms. We have
found that some amell areas of low resistivity celils
have low leskage currents and therefore would yleld
high efficiency (1). We are trylng to determime the
cauge of the high leakage in the other areas. We also
find that the understanding of all the processes taking
place in a solar-cell is inadeguate. As a gignificant

exemple, there is not yet a definitive explanetion for
the higher output with a back surface field (2, 3). We
regard these observations with optimism; we have not
found & reason to limit the efficiency to lese than our
goals, and there is increasing evidence to suggest the
goal is attainable.

Our technology effort seeks to develop higher ef-
ficiency cells, lower cost cell fabrleation methoda,
and lower cost array fabricatlon methods. The present
efforts are listed in Teble II ané include develomment
of & 13 1/2% cell with wraparound contaects, development
of the plagtic [FEP}-covered solar cell module, and in-
vestigation of other cell fabricstion methode. In the
cell development work asvailable technology on shallow
Janctions, anti-reflection coatings, narrow grid fin-
gers, back surface fields, and wraparound contacts are
being refined and combined into a cell that should not
cogt more than conventional cells.

We ere developing the FEP-covered solar cell mod-
ule conpept to eliminste the meterial and lebor costs
asgocinted with glaes covers. Rauschenbach et al. (4)
wlll degeribe at this conference the progress under the
contract at TRW. 1In the in=house efforts ways are be=-
ing investigated to further reduce array assembly costs
by incorporating wraparcund cells imto the FEP module.
This FEP technology is suitable to terrestrisl uses as
well as space. Al FEP module in an ongoing test has
cxperienced no degradetion in rooftop expopure at Lewis
Regearch Center for eleven months and, according to the
mamifacturer, FEP should withstand Floride sun for at
leest seven years.

Other in-house efforts include exploration of low
cost cell fabrlcation methods. One is the chemicel
vapor deposition of thin fiim polycrystalline silicon
cells; the major problem is still thet of growing a
good, adherent silicon layer om a low coat substrate.
The other effort is the investigation of technlques to
make primitive cells, that is, ¢ells of simple design
mede by e few simple processes. The intent is to ex-
plore the poasibilitiea of a cell with moderate effi-
clency but very low comt. This effort has barely start-
ed,

The low cost array contracts shown on Table IT are
studles of what cell and array techhology is meeded for
econamic large scale generation of electricity by solar
cells. These studies, to be completed s few momths
from now, will define aeg well as is possible the neces-
sary technology advancements, production approaches,
and costs for producing arrays that are several orders
of magnitude less expenslve than present arrays., They
will serve as guides to the directions for a techmnology
program for large-scale uses. -

. PHOTGVOLTATC TERRESTRIAL APPLICATTONS

The Lewls Regsearch Center terrestrial applications
progrem was initlated to encourage further uses of so-
lar cells so that productlon volume would grow to where
more cost reduction techniques would be econcalcelly
Jugtified. We firmly believe that there are mmerous
low power applications where the long-life, no-meinten-
ance advantages of solar cell-betiery power systems out~
weigh their presently high initial cost. It is further



believed that the major barrier tc wider use of solar
cells at this time is not really their cost but rather
the potential users' unawareness of solar cell capa-
bilities, Therefore we are confldent that several sue-
ceseful demonstratlons of molar cells in real applica-
tione will spark the interest of many users.

Our pregent efforts in the applications ares &re
ligted in Table III. The contract effort ls a survey
of terrestrial applications that could be comercimlly
feasible within five years. These applicatlons willl
be catalogued and evaluated, and the most attractiwve
ones identified. The resulte of the atudy will e
sunmarized by Moore et al. later in this session (5}.

The other present effort listed is an in-house
effort to btulld solar cell-battery power systems for
remote weather stations. However, our firet terres-
trial systenm wag intended for a remote radar beacon
for the Flight Research Center of NABA. Solar cell
panels were depigned and built for uge in the moun-
talns of the Southwest.  Because of changes in the
progrem the system wags not instelled. However, a pow=-
er system was mounted on the roof at Lewis Research
Center snd powered a load simulating the beacon's load
profile. The system hes operated for two years in the
Cleveland weather with only three imterrvuptions of ser-
vice, These were due to bettery discharge, twice be-
cange of improper adjustment of the electronies and
once becauge of 3 1/2 weeks of comtimous overcast.

Similar panels were used 1o power a "remote" wea-
ther sbation on the Cleveland lekefront shown in flg-
ure 1. An anemometer, windvane, temperature sensor,
humidity sensor, and the golar cell-battery power sys-
tem were mounted on existing towers at the Cleveland
' Coast Guard Station in the Fall of 1972.

The original intent was to use a commandable rye-
ceiver-transmitter for date transmissiom. However, be-
ceuse of the lead time needed for FCC approvel, a hard-
wire Gate link was used.

Two 70 ampere-hour, lead-acld, automotive batter-
ies end the electronics were mounted in the existing
enclosure on the tower, Figure 2 ghows the solar pan=-
els., Fach of the three panels is identical to the
panel designed for the radar beacon and tested on the
roof st Lewis Fesearch Center. Fach contains 240 2x2
om cells soldered together and mounted on a hesvy ali-
umimm substrate, 10" wide and 23" long. The front
cover of 3/8" lucite is bolted down egainst a Viton-A
O=ring for seallng.

The aystem hae been in place for a year and has
suffered gome malfunctions. High winds toppled the
anemometer and subsequent repalrs lnduced failure in
the electronics package. COther malfunctions were due
to lnadequacles of the design of the breadboard elec-
tronics system. Also inadequaete weather-proofing of
the data cable conduit resulted in internal ice forma-
tion and rupture of the cable, None of the malfunc-
tions cast any doubt on the lpheremt utility of the
power system for this kind of service. There are no
signs of solar panel deterioration in either this one-
year expogure on the lekefront or the two-year expo-
sure on the roof. Dirt accumulation on the arrays has
been no problem. The tilted arrays are readily cleans-
ed naturally by raln snd anow.

We have also provided solar cell panels to the
Rational Weather Service of NOAA for use on their de-
velopmentsl remote weather stations called RAMOS {Re-
mote Autcmatic Meteorological Observatlon System).
Over the next decade the Weather Service plans to

deploy 1100 RAMDE's into 2 netionwlde meteorological
network including meny remote and hostile weather lo-
cations. Thelr interest in golar cells stems from the
aifficulty and cost of refueling or replecing batteries
in other power systems.

. An array wae installed in October 1973 on a RAMDS
at their test site in Bterling, Vlirginie and an array
has been instelled in November 1973 on a RAMCS on Mame
moth Mountaln, Californie, A eimilar system 1s planned
for Alaska next year.

Figure 3 shows the solar ¢ell array mounted on
the RAMDS at Sterling, Virginia. The overall array di-
mensions are 3.6' x 2.6' to accammodate the G sq. ft.
of golar srray needed for Mammoth Mountain (Figure L},
For Virginla only 2/3 the ares ie needed and the array
is I~shaped. :

These arraye are bullt considerably differently
fram those used earlier. Modules of 2x2 cells, 3 in
paraliel end 8 in series, are lnterconnected by para-
llel gap weldinz. These are encapsulated in FEP, a
S=mil sheet on top and bottom. The bottom egheet serves
also ag the cement to bond the module to & preformed,
anodized elumimm substrate. A completed module is
shown in figure 5. These modules have been laminated
in e two=step process. One lamination cycle is used
to encapsulate the celle and a second, similar lamina-
tion cycle 1g used to bond the module to the substrate.

Each module has a nominel output of 1 watt. Flve
of these modules are bolted to sn alumimm freame to
meke a S-watt, 12-volt subsrray, as shown in figure 6.
Thege pubarrays are bolted to a larger alimimm frame
to make the complete array. In the RAMOS for Mammoth
Mountain 4 subarraye are connected to serve 12-volt
loads and 8 are comnected to serve 2hevolt loads. Based
on & cell price of 65 cents, fabrication time required,
ahd technlclan labor rates current in the aerospace in-
dustry the cost of these arrays is $40/watt of peak
output.

While we know these RAMDS tests will be very im-
portant demonstrations, we are looking for others as
well. We feel that there are more applications that
will benefit, perhaps be made feasible, by the =avalla-
bility of solar cell-battery systems that have a main-
tenance~free life measured in years. Some we are con-
gldering for further demonstrations are the NASA-fmes
Foreat Fire Hazard Monitor, The NASA-Langley Remote
Marshland Water Sampling Station and the NASA-Lewis
Buoy-mounted Water Quality Monitoring Platform, as
well ag those identified in the Heliotek survey con-
tract.

CONCLUSION

Most of the HASA-Lewis Research Cemter solar cell
work has relevance tc terrestriel uses as well as space,
The work on raising cell efficiency, and developing the
FEP-covered module concept, are major thruste toward
our space goals that are equelly important to terres-
trial applicationa. Exploratory work on low cost cell
concepts (the thin f£ilm eilicon ¢ell and the primitive
or simple cell) is mimed toward terrestrisl require-
ments.

Demongtration units have been bullts for terrestri-
al applications and there is no doubt aclar array-bat-
tery power systeme are practical for many low power ap-
plications et remote sltes. A lucite-covered solar
arrey has provided power to a weather station on the
Cleveland lekefront during last winter. Minor system
breskdowns caet no doubt on the life and capability of



the array and battery to funetion properly in that en-
viroment. Two FEP-covered arrays heve recently been
installed in remote weather stationsg in Sterling, vir-
glnia end on Mermoth Mounteln, California. These wea=
ther stetions are part of the RAMOS progrem of the
Wational Weather Service ard will be important demon-
strations.

Our experience with terrestrizl arrays and the
interest shown by potential users leaves us confident
golar arrays provide a needed capabllity for remote
systems and that terrestrlsl uges of sclar cellg will
proliferate,
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TABLE T

NASA-LeRC SOLAR CELL RESEARCH

OBJECTIVE: RAISE THE EFFICIENCY OF SI SOLAR CELLS
TO NEAR 18% {AMO) or 21% (AMI).
APPROACH:  FIND, UNDERSTAND, ELIMINATE LOSSES.

TABKS IN FPROGRESS:

CONTRIBUTING CAUSES OF LEAKAGE CURRENT-CENTRALAB - $58K
CONTRTBUTING CAUSES OF LEAKAGE CURRENT - IH

EFFECT OF DIFFUSTON FROFILE AND SURFACE TREATMENT - IH
STUDY OF SURFACE STATES AND SURFACE LEAKAGE - IH

EFFECT OF (WARD RINS STRUCTURES N LEAKACE CURRENT
- WAYNE STATE UNIV. - $13K

INTERFRETATION OF MEASURED L - IH
THREORETTCAL ARALYSIS OF SOLAR CELIS-N. CAR. ST.U. - $27K

THECRETICAL ANALYSIS OF SCOLAR CELLS - IH

LOW COST SILICON SOLAR CELL ARRAYS = CENTEALAB

TAELE II

WASA-LeRC SOLAR CELL AND ARRAY TECHROLOGY

OBJECTIVE: REDUCE THE COST OF SOLAR CELL ARRAYS
FOR SPACE AND TERRESTRIAL AFPPLICATIONS.
APPROACH:Y DEVELOF HIGH FFFICTENCY CELLS.

DEVELOF LoW COST CELL FABRICATION METHODS,
DEVELOP LOW COST ARRAY FABRICATION METHODS.

TABKS IN PROGRESS:

ATVANCED 51 CELL DEVELOPMENT - CENTRALAB - $B81K
ADVANCED 51 CELL DEVELOPMENT - HELIOTEK - $86K
ADVANCED §1 CELL DEVELOTMENT - 14
FEF~-COVERFD SOTAR CELL MODULE - TRW - 250K
FEFP MODULE IMPROVEMENTS - IH
VAPOR DEPOSITED Si SOLAR CELLS - IH

" PRIMITIVE SOLAR CELL FABRICATION - IH

LOW COST SILICON SOLAR CELL ARRAYS = SPECTROLABR = $37K
- $32x

TAELE ITI

MNASA-LeRC PHOTOVOLTAIC
TERRESTRTAL APPLICATIONS

OBJECTIVE: ENCOURAGE TERRESTRIAL MARKET FOR SOLAR

CELL POWER SYSTEMS.
APFROACH: BUILD AND OFERATE DEMONSTRATION SYSTEMS.
TASKS IN FROGRESS:

TERRESTRIAL APPLICATIONS OF SOLAR

CELL POWERED SYSTEMS - HELIOTEK - $39K

SOLAR CELL POWERED WEATHER STATION - IH
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Fig. 2 - Lucite covered solar cell panel at the lakefront weather station.
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Fig. 3 - A solar cell powered RAMOS weather station at the Sterling, Fig. 4 - A solar cell powered RAMOS weather station on Mammoth
Va, test site of the National Weather Service. The L-shaped sur- Mountain, California.
face is the FEP-covered solar cell array.
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Fig. 5 - A one-watt FEP-covered module for terrestrial applications.
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Fig. 6 - A sub-array of five FEP-covered modules.
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